The mitochondrial DNA A3243G mutation causes neuromuscular disease. To investigate the muscle-specific pathophysiology of mitochondrial disease, rhabdomyosarcoma transmitochondrial hybrid cells (cybrids) were generated that retain the capacity to differentiate to myotubes. In some cases, striated muscle-like fibres were formed after innervation with rat embryonic spinal cord. Myotubes carrying A3243G mtDNA produced more reactive oxygen species than controls, and had altered glutathione homeostasis. Moreover, A3243G mutant myotubes showed evidence of abnormal mitochondrial distribution, which was associated with downregulation of three genes involved in mitochondrial morphology, Mfn1, Mfn2 and DRP1. Electron microscopy revealed mitochondria with ultrastructural abnormalities and paracrystalline inclusions. All these features were ameliorated by anti-oxidant treatment, with the exception of the paracrystalline inclusions. These data suggest that rhabdomyosarcoma cybrids are a valid cellular model for studying muscle-specific features of mitochondrial disease and that excess reactive oxygen species production is a significant contributor to mitochondrial dysfunction, which is amenable to anti-oxidant therapy.
Introduction
Mutations in human mitochondrial DNA (mtDNA) are associated with a wide range of human pathologies, as well as being implicated in the normal aging process (Taylor and Turnbull, 2005) . One particular mutation, an A to G transition at nucleotide (nt) 3243 in the mitochondrial tRNA Leu(UUR) gene is associated with a broad spectrum of clinical phenotypes, ranging from severe multisystem disorders, such as MELAS (Mitochondrial Encephalomyopathy, Lactic acidosis and Stroke-like episodes) (Goto et al., 1990) , to maternally inherited diabetes and deafness (van den Ouweland et al., 1992) , cluster adopts an abnormal conformation (Wittenhagen and Kelley, 2002) , and there is little or no taurine-modification at the anticodon wobble position in mutated tRNA Leu(UUR) , resulting in defective translation (Yasukawa et al., 2005) .
A3243G lies within a transcription termination binding site and there is in vitro evidence that this can affect termination of the rDNA transcription unit (Hess et al., 1991) , however this does not lead to any measurable change in the ratio of rRNA:mRNA in vivo (Hammans et al., 1992) .
Thus, whilst the A3243G mutation is one of the most extensively studied of the human mitochondrial tRNA mutations, and it is clear that it compromises mitochondrial translation both in vitro (Chomyn et al., 1992; Dunbar et al., 1996) and in vivo (Morgan-Hughes et al., 1995) due to impaired tRNA function (Yasukawa et al., 2005) , it is unclear how a single mutation produces such diverse clinical phenotypes. Tissue-specific factors have been proposed as an explanation but not yet identified in the case of A3243G mtDNA (Jacobs, 2003) . The molecular basis of tissue specificity has been explained in two mitochondrial disorders resulting from mutation in nuclear genes, thymidine kinase 2 deficiency (Saada et al., 2003) and a defect in the mitochondrial translation machinery (Antonicka et al., 2006) .
The electron transport chain (ETC) is the main source of cellular reactive oxygen species (ROS). Complexes I and III generate superoxide anion radicals (O 2 ) as a by-product of electron transport. The amount of ROS is dependent on the tissue and its mitochondrial activity. Most free radicals are neutralized by the antioxidant defense system, but if this is compromised or overwhelmed damage to protein, lipid and DNA will ensue. Some ROS are required for intracellular signalling, cell proliferation, differentiation apoptosis and senescence (Finkel, 2003) , and so it is not desirable to ablate ROS entirely. Several mtDNA mutations, including A3243G, and neurodegenerative diseases have been associated with increased ROS production (Kirkinezos and Moraes, 2001) . However the contribution of ROS to pathogenesis and diverse clinical features is unclear.
With the aim of understanding the pathogenic mechanism of A3243G and other mtDNA mutations, we generated a r 0 cell line derived from muscle, rhabdomyosarcoma or RD r 0 cells. This cell line expresses muscle specific isoenzymes and retains the ability to terminally differentiate to multinuclear myotubes, which can be innervated (Vergani et al., 2000) . In this study, mitochondria from fibroblasts of MELAS patients or controls were transferred to RD r 0 cells. Differentiation and innervation were performed enabling the effects of the A3243G mutation to be studied during in vitro muscle developmental, and in electrophysiologically active cells, where the demand for mitochondrial function is expected to be considerably higher than in undifferentiated cells. Analyses of ROS production and ROS defense in the presence and absence of an anti-oxidant, N-acetyl cysteine (NAC), suggest a direct link between mitochondrial abnormalities and elevated ROS production. Because ROS damage appears to be a significant component of mitochondrial myopathy anti-oxidants may prove an effective treatment for the muscular pathology of MELAS, and other mitochondrial OXPHOS disorders.
Methods

Transmitochondrial cell lines
A human r 0 rhabdomyosarcoma cell line (RD r 0 ) (Vergani et al., 2000) , lacking mtDNA, was used to generate transmitochondrial cell lines, or cybrids (King and Attardi, 1989) . Four cybrids contained 100% wild-type mtDNA (WT2, WT4, WT6 and WT7) from four normal healthy subjects, as described (King and Attardi, 1989) . Another four cybrids (MS3, MS4, MS5 and MS6), harboured 99% A3243G mtDNA, derived from 55% mutant mtDNA fibroblasts (data not shown) of a 42-year-old Italian male with MELAS. He presented with MELAS symptoms and bilateral hearing loss, vomiting, diarrhoea and abdominal pain, the patient died 4 years later. No other mtDNA mutations were present in MS6 and WT7 clones, based on sequencing their entire mtDNA (Supplementary Table 1 ). The proportion of A3243G mtDNA in WT7 and MS6 RD cybrids was analysed by last cycle PCR at intervals and did not alter throughout the study ( Supplementary Fig. 1d ).
Cell cultures, differentiation and innervation with fetal rat spinal cord
Prior to fusion, undifferentiated cybrids were grown in Dulbecco's modified Eagle's medium (4500 mg glucose/l, 110 mg pyruvate/l), supplemented with 10% fetal bovine serum (FBS) and antibiotics. For muscle differentiation, WT and A3243G mutated RD cybrids were seeded in this medium at a density of 5 and 7 Â 10 3 cells per cm 2 , respectively. After 2 days, the medium was replaced with differentiating medium (F14 medium (Seromed, Germany), 2% FBS, 100 nM 12-0-tetradecanoylphorbol-13-acetate (TPA), 10 mg/ml insulin, penicillin, streptomycin and amphotericin B). Myotube formation occurred spontaneously 6-7 days later for WT RD cybrids and after 7-9 days for mutated RD cybrids. In some experiments, aneural myotubes (differentiated) cultured WT and MS RD-cybrids, fed for 4 days with differentiation medium, were innervated by fetal rat spinal cord as previously described (Kobayashi et al., 1987) . Briefly, explants of spinal cord with dorsal root ganglia attached from 13-day-old fetuses of SprangueDawley rats were placed on the top of cybrid cells ( Supplementary  Fig. 2a and e) . Innervated cells were fed with differentiated medium w/o TPA for 15-20 days ( Supplementary Fig. 2b -d, f-h). Muscle differentiation was confirmed by qPCR detection of the muscle-specific isoenzyme creatine kinase (M-CK) ( Supplementary  Fig. 2i) , and by the presence of fetal myosin, based on immunohistochemistry ( Supplementary Fig. 2l and m) .
Morphological analysis
Morphological detection of ROS production was carried out in living cells using 2 0 ,7 0 -dichlorofluorescin-diacetate (H 2 -DCF-DA). Cells on a coverglass were loaded with 3 mM H 2 -DCF-DA and 125 nM Mitotracker red (Mit red, Ex: 488 nm; Em: 578 nm) in the growth medium for 30' at 37 C, rinsed twice with warm PBS and observed in PBS. Deacetylation and oxidation of H 2 -DCF-DA yields the fluorescent product 2 0 ,7 0 -dichlorofluorescin, or DCF (Ex : 488 nm; Em : 525 nm), which was detected by confocal microscopy (Nikon Eclipse E600 microscope equipped with a Biorad MRC-1024 laser scanning confocal imaging system). Cytochrome c oxidase (COX) and succinate dehydrogenase (SDH) activity was visualized cytochemically in cell cultures grown on coverglass as described (Tiranti et al., 1995) . The mitochondrial network of living cells was stained with 125 nM Mitotracker red (Molecular Probes). In undifferentiated and differentiated RD cybrids mitochondrial distribution were quantified as fluorescence signal (arbitrary unit) plotted against the distance from nucleus (pixel) using IMAGE software.
Transmission electron microscopy
RD cybrids were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), post-fixed with 1% osmium tetroxide after an extensive washing in 0.1 M cacodilate buffer (pH 7.4), and dehydrated in graded alcohol. Monolayers were detached by rapid washing with propylene oxide, centrifugated and embedded in Epon 812 resin. Ultrathin sections, stained with uranyl acetate and lead citrate, were observed in a Philips EM400 electron microscope at 120 kv. About a hundred cells were analysed for each cell line. In differentiated samples, myotubes were distinguished from resting cells on the basis of the presence of several nuclei or well-organized myofibrils.
Biochemical assays
Glutathione and oxidized glutathione amounts were measured enzymatically by the determination of the chromophoric product 2-nitro-5-thiobenzoic acid, as previously described (Vergani et al., 2004) . GSH peroxidase (GPX), reductase (GR) and catalase activities were measured in the clear supernatant fraction, 105 000 g max for 30 min, of total cell lysate as previously described (Vergani et al., 2004) . Oxygen consumption by intact cells was measured with an YSI 5300 oxymeter (YSI Inc., Yellow Springs, OH-USA) on samples contained 3-5 Â 10 6 cells in 2 ml DMEM lacking glucose and supplemented with pyruvate and 5% dialysed FBS. Evaluations were done at least in triplicate for each cell line.
Detection of ROS production
The rate of H 2 O 2 formation in living cells was determined using the oxidation in the extracellular medium of 20 mM fluorogenic indicator amplex red in the presence of 1 unit/ml horseradish peroxidase (POD) and expressed as pmol/min/mg prot. Fluorescence was recorded in a microplate reader (1420 Victor2, Perkin Elmer Life Science-USA) (Ex: 530 nm; Em: 585 nm), in presence of 10 mM apocynin (4 0 -hydroxy-3 0 -methoxyacetophenone) that inhibits H 2 O 2 produced by plasma membrane NADPH oxidase. In a typical experiment, cells growing in a 12 well-plate, were incubated with 10 mM apocynin for 20' in F14, 2% FCS w/o TPA at 37 C. The first measurement, taken immediately after addition of reactants, was designated background fluorescence. The fluorescent signal of the central area of the well was recorded every 10 min for 30-90 min.
Reverse transcription and quantitative PCR
Five micrograms of RNA was reverse transcribed to cDNA using random hexamers and the Stratascript enzyme. Quantitative PCR was performed using an MX3000p thermal cycler system and Brilliant Õ SYBER Green QPCR Master Mix, as described (Leger et al., 2006) . The PCR conditions for all genes consisted of one cycle at 90 C for 2 min, followed by 45 cycles consisting of 95 C for 15 s, annealing and prolongation at 60 C for 60 s. The primer sequences are listed in Supplementary Table 2 .
Statistical analysis
Data were expressed as mean AE SD. Statistical analysis of group differences was examined using Student's t-test. The differences were considered significant at the 95% confidence level (P50.05).
Results
Redox homeostasis is perturbed in differentiated RD cybrids carrying mutant mtDNA
In order to evaluate ROS homeostasis during muscle development in RD cybrids harbouring A3243G mutant mtDNA, cells were incubated with the intracellular ROSsensitive fluorescent probe dichlorofluorescein (DCF) diacetate. In undifferentiated RD cybrids there was no difference in DCF signal between cells with wild-type and A3243G mtDNA (Fig. 1a) . In contrast, differentiated myotubes with A3243G mtDNA (MS3 and MS6) produced a stronger DCF signal than controls (WT2, WT6, WT7) (Fig. 1a) . To evaluate the effect of an antioxidant, the same cell lines were treated with 0.5 mM N-acetylcysteine (NAC) during differentiation, a period of 7-9 days. NAC is a thiol agent and a precursor of GSH synthesis; it is moreover a source of sulphydryl groups in cells and scavenges free radicals (Kelly, 1998) . NAC treatment decreased the DCF fluorescence in myotubes with A3243G mtDNA (M3, MS6) (Fig. 1a) . Another measure of ROS homeostasis was provided by assaying hydrogen peroxide levels using amplex red (Van Heerebeek et al., 2002) . The rate of release of H 2 O 2 was concordant with the DCF results, as H 2 O 2 production doubled (P50.001) after differentiation of A3243G RD cybrids, yet was near normal when the same cells were incubated with NAC during differentiation (Fig. 1b) . There was no such increase in H 2 O 2 when RD cybrids without A3243G mtDNA (WT2, WT6 and WT7) differentiated to form myotubes (Fig. 1b) .
The steady-state level of intracellular ROS depends on the balance between the rates of ROS generation and detoxification. Glutathione (GSH), a key component of the antioxidant defense system, is oxidized to glutathione disulphide (GSSG) in the presence of ROS, and GSSG is subsequently secreted from the cell. Hence, GSH is involved in maintaining cellular redox balance and in protecting against oxidative damage, and the GSH 2 /GSSG ratio is a good indicator of cellular redox state (Schafer and Buettner, 2001 ). The level of GSH was marginally lower in undifferentiated cybrids with A3243G mtDNA compared to controls, whilst that of GSSG was slightly raised (Fig. 2a  and b) , which is suggestive of increased yet tolerable oxidative stress, in light of the low steady-state level of ROS ( Fig. 1a and b) . In A3243G-containing RD cybrids, differentiation triggered a substantial fall in GSH concentration (Fig. 2a) . Undifferentiated A3243G RD cybrids had a slightly more oxidized redox state than wild-type cybrids, based on the GSH 2 /GSSG values (Fig. 2c) and this difference was much more pronounced after differentiation (Fig. 2c) . Differentiation of control cells halved GSH 2 /GSSG (Fig. 2c) , suggesting that oxidative stress is intrinsic to muscle differentiation, and not merely an effect seen in cells with high levels of mutant mtDNA. Incubation of A3243G RD cybrids with 0.5 mM NAC throughout the differentiation period (7-9 days) was associated with a doubling (170-260%) of cellular GSH content (Fig. 2a) and four 10-fold increase in GSH 2 /GSSG compare to untreated cells (Fig. 2c) . The GSH pool is regulated by glutathione reductase (GR) and glutathione peroxidase (GPx). Both enzymes play important roles in antioxidant defense, because GR reduces GSSG to GSH and GPx converts H 2 O 2 to H 2 O, by coupling the oxidation of GSH to GSSG. GR and GPx activities increased significantly in the one differentiated A3243G RD cybrid tested (Fig. 2d and e) albeit to differing extents ($6 fold and 2 fold, respectively). Catalase activity was a little higher in the undifferentiated RD cybrid with mutant mtDNA but this did not increase further upon differentiation (Fig. 2f) . NAC treatment had no appreciable effect on the activity of GR, GPx or catalase ( Fig. 2e and f) .
Mitochondrial dysfunction and form in differentiated RD cybrids with A3243G mtDNA
Differentiation from myoblasts to myotubes involves a shift from glycolysis to oxidative phosphorylation as the major source of ATP (Leary et al., 1998; Lyons et al., 2004) . These changes in energy metabolism are associated with increased mitochondrial biogenesis and mitochondrial redistribution (Kraft et al., 2006) . Therefore the morphology and function of mitochondria in undifferentiated and differentiated RD cybrids with A3243G was analysed. In vivo A3243G mtDNA is associated with decreased COX activity and increased SDH activity; indeed these are hallmarks of mitochondrial myopathy. In earlier cell models with A3243G mtDNA, which all involved rapidly proliferating cells, COX was also decreased, whereas SDH was unaltered (Dunbar et al., 1995) . Undifferentiated RD cybrids with A3243G mtDNA were superficially similar to other proliferating cybrids; however, they had 70-90% decreased oxygen consumption compared to WT clones ( Supplementary Fig. 1a ) and histochemical stains for COX (data not shown) and SDH indicated that the former activity was impaired, whereas SDH staining was indistinguishable from controls ( Supplementary Fig. 1b, SDH) . In contrast, RD myotubes with mutant mtDNA (MS6) had increased SDH staining, particularly around the nucleus (Fig. 3a, SDH) , in addition to decreased COX activity (Fig. 3a, COX) . SDH staining was similar to controls when 0.5 mM NAC was added to the growth medium during the formation of myotubes with A3243G mtDNA (Fig. 3a, SDH) . Aberrant mitochondrial distribution associated with A3243G mtDNA was still more pronounced in innervated myotubes (Fig. 3a, Mit red) . Innervated cybrid myotubes with wild-type mtDNA had thread-like mitochondria scattered throughout the cytoplasm, whereas mitochondria of innervated myotubes with A3243G mtDNA were clustered around the nucleus (Fig. 3a, Mit red) . The visual impression of altered mitochondrial distribution in myotubes with A3243G mtDNA was corroborated by a quantitative analysis of mitochondrial distribution. The fluorescent signal, corresponding to mitochondria, when plotted against the distance from the nucleus, revealed a marked decrease in mitochondrial signal in A3243G RD myotubes compared to controls (Fig. 3b) . When treated with NAC the mitochondria of innervated A3243G myotubes had the thread-like appearance and distribution of control innervated myotubes [ Fig. 3a (Mit red) and b] .
Transmission electron microscopy revealed pronounced ultrastructural changes in the mitochondria of A3243G RD myotubes, compared to control myotubes. Myotubes with A3243G mtDNA had swollen, rounded mitochondria, with fewer cristae than normal ( Fig. 4g and h ). Myofibrils with mutant mtDNA also had paracrystalline inclusions in many mitochondria, however there were no detectable highly condensed mitochondria, which are indicative of dead mitochondria, so-called mitoptosis (Pletjushkina et al., 2006) (Fig. 4g and h ). Here again, NAC treatment of differentiated A3243G RD myotubes restored mitochondria to normal based on electron microscopy, although the formation of paracrystalline inclusions persisted (Fig. 4i-l,  insert) . The underlying defect in OXPHOS was also unaffected by NAC treatment (Fig. 3a, COX) .
Mitochondrial morphology, movement and distribution depends on Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2), dynamin-related protein 1 (Drp1) and Opa 1, among others (Chan, 2006) . To determine whether the abnormal mitochondrial distribution in A3243G myotubes described above was correlated with the expression of these genes, RNA was isolated and quantified by real-time PCR. In control RD myotubes, Mfn1 and Mfn2 mRNA doubled after differentiation (Fig. 5a and b) , in line with an earlier report (Bach et al., 2003) , whereas Mfn1 and Mfn2 expression fell in A3243G RD myotubes (Fig. 5a and b) . These changes are commensurate with increased ROS production, as NAC treatment once again produced a profile much more like control RD myotubes. More modest, yet similar, changes in DRP1 expression were observed (Fig. 5c ), but there was no significant change in OPA1 mRNA levels (Fig. 5d) .
Discussion
This study demonstrates that terminally differentiated and innervated RD cybrids are a valid cellular model for studying muscle-specific features of mitochondrial disease. Proliferating cells are heavily dependent on glycolysis for ATP production and so are expected to be less reliant on oxidative phosphorylation than, for example, mature muscle. Differentiated RD cybrids with A3243G mtDNA developed features of diseased muscle: there was elevated ROS production, abnormal mitochondrial distribution and deposition of paracrystalline inclusions. All but the last of these was prevented by anti-oxidant treatment.
Under normal conditions the potentially damaging effects of ROS are limited by a variety of antioxidants. Undifferentiated RD cybrids carrying A3243G mtDNA were for the most part indistinguishable from controls, however, after forming myotubes there was a considerable increase in oxidative stress, based on the high DCF signal and raised H 2 O 2 production ( Fig. 1a and b) . The absolute level of ROS production in A3243G containing myotubes was almost certainly higher than these measurements imply, as depleted stocks of GSH and raised GPx activity indicate that the tripeptide has been consumed in an effort to contain ROS ( Fig. 2a and e) , which suggests that the antioxidant defence system is close to being overwhelmed in such cells. Oxidative stress is expected to increase after differentiation in vivo as muscle is more reliant on aerobic ATP production than proliferating cells, which tend to be highly glycolytic; this effect is exacerbated by impaired mitochondrial function (Chomyn et al., 1992) . The data are therefore consistent with the notion that the increase in oxidative stress associated with MELAS mitochondria exceeds a critical threshold in differentiated muscle, and thereby offers a rational explanation for the tissue-specific features of this and many other mitochondrial diseases.
The oxidative stress observed may be due, at least in part, to the culture conditions (Halliwell, 2003) , however, this Treatment with the antioxidant NAC (0.5 mM) averted the increased staining in MS6 RD cybrid myotubes, rendering them indistinguishable from WT7 RD cybrids. Mitotracker red (MIT) red loaded mitochondria of innervated RD cybrids visualised by confocal microscopy. Innervated MS6 RD myotubes had mitochondria concentrated in the perinuclear region. Chronic antioxidant treatment with NAC (0.5 mM for 15 days) resulted in a normal mitochondrial distribution. There was no difference in the shape or distribution of mitochondria in undifferentiated RD cybrids with or without mutant mtDNA ( Supplementary Fig. 1b and c) . (b) The quantification of mitochondrial distribution in 11 days innervated RD myotubes was obtained as fluorescence signal, expressed in arbitrary units, plotted against the distance from nucleus (pixel; 1 mm: 10 pixels). The values of each point of differentiated cells were mean AE SD of 37 measurements in WT7 and 37 measurement in MS6 RD cybrid myotubes w/o NAC and 20 measurements in MS6 RD myotubes after NAC treatment. The difference between innervated fibres with and without A3243G mtDNA WT and MS was significant (P50.001), as was the difference between A3243G containing fibres supplemented with and without NAC (P50.001). Scale bar: a, 20 mm. does not contradict the idea that the enhanced sensitivity of MELAS mitochondria to oxidative stress is relevant to mitochondrial disease. Oxidative stimuli have been shown to induce differentiation of neuronal precursor cells (Tsatmali et al., 2005 (Tsatmali et al., , 2006 and so ROS homeostasis may play a key role in differentiation. The question therefore arises: is oxidative stress a precursor to, or a consequence of differentiation, or both? In one sense it does not matter whether oxidative stress is a cause or a consequence of differentiation, here the key finding is that oxidative stress occurs in MELAS cybrids, where it produces mitochondrial abnormalities, which are prevented by antioxidant treatment; in contrast, there was no evidence of oxidative stress in control cybrids subjected to an identical growth regime. Whilst we cannot be certain that these differences between MELAS and control mitochondria will be recapitulated in vivo, they are of potential importance and so worthy of attention, particularly as it is difficult to explain all aspects of mitochondrial disease simply in terms of restricted ATP production.
Others have suggested that elevated ROS is an important factor in the progression of mitochondrial disease (Kirkinezos and Moraes, 2001) . In vitro (Wong and Cortopassi, 1997) (Pang et al., 2001) and in vivo studies (Ohkoshi et al., 1995; Filosto et al., 2002) gave indirect evidence of increased ROS production in association with the A3243G MELAS mutation. Ohkoshi and Filosto observed an increased defense from ROS-mediated injury in ragged-red fibres of MELAS patients. Wong (Wong and Cortopassi, 1997) demonstrated that osteosarcoma cybrids with A3243G mtDNA display heightened sensitivity to H 2 O 2 ; and Pang (Pang et al., 2001) reported enhanced oxidative damage to lipids and DNA in cybrids harbouring 490% A3243G mtDNA. There are also reports of oxidative damage in association with the NARP mutation (Mattiazzi et al., 2004) and LHON mutations (Gonzalo et al., 2005) , and the latter are associated with increased ROS in a neuronal cybrid line following differentiation (Wong et al., 2002) . Thus there is a considerable body of evidence supporting the notion that ROS generation is an important factor in the pathogenesis of mitochondrial DNA disease.
The marked decrease in GSH in A3243G myotubes reported here is consistent with in vitro (Pang et al., 2001) and in vivo (Hargreaves et al., 2005) observations of a significant decrease in muscle GSH in mitochondrial myopathy. Although GSH deficiency could in theory result from decreased synthesis due to ATP insufficiency, the positive effect of the anti-oxidant NAC suggests that the decrease in GSH in myotubes with mutant mtDNA is due to direct interaction with ROS or its extensive utilisation in the GPx pathway, which amounts to the same thing.
Mitochondrial morphology and movement involves a large cohort of proteins working in concert (Chan, 2006) . Changes in the form or expression of components of this orchestra perturb mitochondrial dynamics and cause mitochondrial accumulation or clustering in the perinuclear region of mammalian cells. Such perturbations include a mutant kinesin protein KIF5B (Tanaka et al., 1998) , overexpression of mitofusin 2 (Rojo et al., 2002) , downregulation of OPA1 (Kamei et al., 2005) , overexpression of hFis 1 (Frieden et al., 2004) and a mutation in the GTPase domain of DRP1 (Smirnova et al., 1998) . Here, we observed a coordinated down-regulation of Mfn1, Mfn2 and DRP1 in myotubes carrying A3243G mtDNA, which can explain the abnormal mitochondrial distribution observed. Hence, mutant mtDNA can be added to the list of factors that can perturb mitochondrial morphology. The observation that NAC restores to normal the mitochondrial network and Mfn1 and Mfn2 mRNA levels suggests that ROS homeostasis plays a critical role in ensuring normal mitochondrial distribution.
Myogenesis requires contact and fusion of individual myoblasts into multinucleate myotubes, a process stimulated by calcium uptake (Shin et al., 1996) . The elevation of mitochondrial calcium induces a shift of energy metabolism from glycolytic to aerobic ATP production (Leary et al., 1998; Lyons et al., 2004) . Therefore we propose that the shift in energy metabolism that accompanies myogenesis places an intolerable load on mitochondria harbouring A3243G mtDNA. It is known that A3243G mtDNA is associated with decreased OXPHOS capacity (Chomyn et al., 1992) , and impaired complex I function in particular (Dundar et al., 1996) Respiratory insufficiency precipitates increased ROS production (Brookes et al., 2004) . Hence, the switch to aerobic metabolism upon differentiation will increase dependence on a faltering OXPHOS system, leading to further increases in superoxide production, which overwhelm the cells antioxidant defenses.
Many of the observed mitochondrial abnormalities in differentiated myoblasts with A3243G mtDNA (Figs. 1-5) are not the result of OXPHOS deficiency, but a secondary consequence of increased ROS production, as NAC is an anti-oxidant that does not restore OXPHOS (Fig. 3a, COX) . The fact that cultured myotubes with mutant mtDNA develop mitochondrial abnormalities, and that this can be prevented by anti-oxidant treatment, suggests that excess ROS production is a significant contributor to mitochondrial dysfunction. Mouse models are available that develop cytochrome c oxidase deficiency and undergo mitochondrial proliferation (Inoue et al., 2000) and so the efficacy of NAC or other anti-oxidants on muscle mitochondria in vivo can readily be assessed. Anti-oxidants are not expected to provide a panacea for mitochondrial DNA disorders as they do not address the underlying OXPHOS deficiency, nevertheless they could ameliorate some symptoms and may delay progression of the disease.
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